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L 
The effect of temperature on the velocity of forward movement in 
Paramecium is described accurately by the formula of Arrherdus, the 
values for u being 8,000  in the upper ranges and 16,000  in the lower 
(Glaser, 1924-25).  This result rests on the ordinary averages derived 
from the behavior of numerous individuals all belonging to a  single 
pure line.  At each temperature, however, averages mask the limits 
of variability;  and  these limits  are highly significant in  the precise 
study of thermal increments (Crozier and Federighi,  1924-25;  1925). 
For this reason a further analysis of the data on Paramecium is desir- 
able.  Moreover, for the  temperatures  considered  by  Crozier  and 
Federighi, linear translation in Oscillatoria  filaments, as well as  the 
heart beat  of Bombyx  larvae, yield  thermal increments constant  at 
9,240  and  12,200  respectively.  It is additionally interesting,  there- 
fore, to consider also a  case in which averages indicate a  sharp break 
in the neighborhood of 15  ° . 
II. 
The material available for this  analysis consists of 709  records in 
which the time required for Paramecium to swim a constant distance at 
different temperatures was measured with a stop-watch. 
Inasmuch  as  the  details  of  these  experiments  have  been  fully 
described  (Glaser,  1924-25)  it  is  necessary  to  consider  only  the 
methods employed in the present handling of the data.  The latter are 
influenced by three conditions each of which can be a source of arte- 
facts.  First,  the number  of  observations is  not  constant  over the 
entire range,  and  hence this  number at  each  temperature must  be 
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reduced  to  a  percentage  basis.  Second,  the  mass of  readings  now 
under consideration include all cases in which the temperature remained 
either absolutely constant or, in certain instances, changed by as much 
as 0.4  ° .  This amount of latitude falls within the limits of experimen- 
tal error, and was suggested when a preliminary plotting of data con- 
stant to within 0.1 ° disclosed for frequency curves not more than  1  ° 
apart, and including at least 30 points, no essential difference of spread. 
This  property  and  the  known  constancy of  the  thermal  increment 
(except at the "critical" point), together seemed to justify the formation 
of small  temperature classes of which the largest has a mean spread of 
very much less than 0.4  ° . 
Third, and more important  than the treatment  of the temperature 
records or of the number of observations, is that  accorded  the time 
measurements,  because these  exhibit  a  quality  likely to have wider 
interest.  With  rising  temperature  the  preliminary  plots  all  indi- 
cated a  marked  decrease in the variability of the time element.  This 
was evident not only from a progressive shrinkage in the width of the 
curves, but also from a corresponding increase in the density of points 
about the modes.  There is, of course, no reason for doubting the cor- 
rectness of this result.  On the other hand there are certain considera- 
tions which make it understandable.  As the temperature  rises from 
6  ° to 40  ° the time required to swim a  unit distance decreases to about 
of its original  value, whereas the reaction time of the experimenter 
remains constant.  At the higher temperatures therefore an observer 
can easily record fewer differences than in the lower ranges where the 
time required for making the necessary discriminations is ample. 
If the apparent  decrease in the variability of the time factor inheres 
in the Paramecium and not in the conditions under which  the records 
were made, it should persist in our curves when for time we substitute 
the logarithm of time.  This procedure, accordingly, was adopted and 
is equivalent to the fiction that  for all temperatures  and all observa- 
tions, the time available for making discriminations was the same. 
The necessary statistical time classes on the logarithmic scale include 
all  the  times which differ by not more than  0.05  logarithmic  units. 
The percentage frequencies of each class,  plotted on the mid-ordinate 
of  each  time  group  give  the  frequency  polygons  shown  in  Fig.  1. 
The  principle  which  guided  these  constructions  is  that  they should OTTO  GLASER  [17 
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FIo.  1.  Variation  in  time required  to  move  unit  distance  at  constant 
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describe the points as closely as possible rather than that they should 
in all respects conform to statistical convention.  As a matter of fact 
the  most  striking  qualities  of normal  probability curves are clearly 
present; there is an evident approach to bilateral symmetry and inflec- 
tion occurs on ordinates of standard deviation from the mean.  How- 
ever, the calculated  "theoretical"  maxima diverge somewhat from the 
maximal percentage frequencies actually  found; yet until  a "theoreti- 
cal"  maximum  in biological statistics  can be accredited in dynamic 
terms,  it  appears  safer  to  assume  that  the  greatest  relative  credi- 
bility  attaches  to  the  points  representing  the  greatest  number  of 
observations. 
TABLE  I. 
Tempera-  No. of 
observa- 
ture.  tions. 
10.4  60 
15.0  47 
17,5  60 
18.4  64 
19.1  70 
22.0  46 
23.0  41 
25.5  100 
27.0  72 
29.0  40 
30.0  109 
Minimum. 
Frequency. 
~er cent 
1,7 
2.1 
3.4 
1.6 
4.2 
8.7 
2.4 
1.0 
5•5 
17.5 
8.2 
)g time. 
1.52 
1,32 
1.14 
1.18 
1.08 
1.01 
1.06 
1.02 
1.12 
.93 
.92 
.87 
Maximum. 
~'r~ luency.  Log time. 
I ~r cent 
1.7  1.02 
2.1  .92 
3.4  .89 
1.6  .83 
1.4  .83 
6.5  .76 
7.2  .76 
0.0  .72 
6.9  .68 
2,5  .62 
5.5  .62 
Mode. 
Frequency. 
per cent 
29.9 
34.1 
36.6 
30.4 
35.0 
30.4 
34.0 
35.0 
35.9 
35.0 
30.9 
Log time. 
1.22 
1.07 
1.03 
.98 
.98 
,91 
.91 
.87 
.83 
.82 
.72 
Mean. 
m 
Log time. 
1,26 
1.08 
1.03 
1.00 
.94 
.91 
.89 
• 85 
.81 
• 83 
•  74 
It is desirable to check the validity of these curves in another way. 
If the groupings on which they rest do not distort the data,  then  log 
velocities deduced from the log time classes should behave in a  pre- 
dictable manner.  Plotting their values according to Crozier's method 
(1924-25) against  reciprocals  of absolute temperature, should  result, 
above  15  ° ,  in  four  straight  lines, one for the means and one each for 
maxima,  minima,  and  modes.  These  curves should be parallel  and 
should have increments of 8,000.  In an ideal case these values would 
fall between the lines describing maxima and minima respectively and 
these might be equidistant from the one describing the means.  Below OTTO  GLASER  119 
15  ° the corresponding curves should give g =  16,000,  though the dis- 
tance  between  the  maximal and minimal lines might easily exceed 
or be  smaller  than  it  is  in  the  higher  ranges.  How closely these 
conditions are fulfilled is shown in Table I  and Fig. 2. 
It seems reasonable then to accept the frequency polygons as they 
stand.  Without  insisting  that  their  value  exceeds that of a useful 
approximation, we may conclude on the basis of spread and height 
that in the region above 15  ° , and again very possibly also below, the 
variability in the time required to swim a unit distance shows no tend- 
ency to rise or fall, but remains essentially constant. 
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FIG. 2.  Velocities  deduced from log time classes, plotted against reciprocals of 
the absolute temperature.  The line describing the modes is omitted.  The two 
points at 7  ° and 6.6  ° are merely averages included to serve as guides.  Below  15 ° 
there are not enough data at present to warrant  the erection of maximal and 
minimal boundaries. 
III. 
Constancy above  15  °  ,  substantiated  as it is, suggests an essential 
homogeneity of the material.  Apparently a  rise from the "critical" 
point  to 30  °  does not seriously change the  character of the  system 
which controls the speed.  This fact, for which evidence is now avail- 
able, was merely an assumption necessary for the theoretical explana- 
tions offered in my previous paper.  It is not surprising then that the 
facts of variability should easily harmonize with the earlier analysis 
based on averages alone. 
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Paramecium in relation to temperature is a  chemical reaction system 
controlled by a catenary series in which 0, a source of original supply, 
is changed into an available form A, which on destruction to the end- 
product E, yields the energy that results in movement.  It was sug- 
gested that for 0 --~ A  v has a value of 8,000, and for A  --* E, 16,000. 
Under these conditions a  depletion of A  is likely and would explain 
the decreased rate  of acceleration  at the higher  temperatures.  The 
case presented  by the  frequency polygons is in principle  the  same. 
We can suppose, with Loeb and Chamberlain (1915) and with Crozier 
and  Federighi  (1924-25),  that  differences in the velocity of different 
individuals  and  of  the  same  individual  at  different  times  can  be 
attributed  to  differences  in  the  effective  concentration  of  certain 
catalysts.  This  assumption  merely  transfers  the  control  of 0  --~ A 
and of A  --~ E  to catMytic agents either inevitably present during the 
passage of 0  --* A  --* E  or to catalysts in origin independent  of the 
major reactants.  If now the formation of such active catalysts has a 
temperature  coefficient equal to that  of the biological process under 
consideration--in  the present  instance,  forward  movement in Para- 
mecium-it  follows that  the  slowest individuals  and  the  fastest,  as 
groups, must have rates of acceleration equal to that of their mean, 
to which the extreme speeds should be related  as  constant  fractions. 
Above 15  ° this condition is closely approached by the polygons and 
by the curves in Fig. 2.  Below 15  ° there is also some evidence indi- 
cating  constancy  in  their  relations,  but  whether  the  constants  are 
the same must remain  questionable until sufficient data  are available 
for the lower range.  Inasmuch as control at the lower temperatures 
by assumption  rests with another  catalyst, it might well  be that  its 
limits  of variability in concentration  are  different  from those of the 
catalytic agent  controlling  the reaction  system above  the  "critical" 
point (cf. figures in Crozier  and Stier,  1924-25). 
The system of control then can be represented as 
O  >  A-  ~E 
t~,  =  8,000  t~  =  16,000 
(~ pertaining  to  catalyst)  which  though  slightly  more  complicated 
than 0  -~ A  -~ E  involves no change in the underlying  conception. 
Moreover, analysis in  terms  of controlling  catalysts in the  long  run OTTO GLASER  121 
may result in great simplifications since the reactions and reacting sub- 
stances in living things are  innumerable,  whereas the number of cata- 
lysts involved may possibly prove to be quite small. 
SUMMARY. 
1.  Frequency polygons in which the number of observations at each 
temperature is reduced to a  percentage basis while the time factor is 
represented on a logarithmic scale, indicate that the time required by 
Paramecium to swim a  unit distance at different temperatures varies 
within definite limits which are constant above 15  ° .  Below 15  ° the 
range  of variability very possibly is not  the same,  though probably 
likewise constant. 
2.  Logarithmic  velocities  deduced  from  mean, maximal,  minimal, 
and modal  time classes, when plotted  against reciprocals of the abso- 
lute temperature,  fall respectively on straight lines.  These lines are 
parallel  and  give ~ values of  8,000  above  15  °  and  probably  16,000 
below. 
3.  This  implies  that  the mechanism  of locomotion in Paramecium 
remains  essentially  unaltered  by a  rise  in  temperature  from  15  °  to 
30  °, and probably remains in a  similar sense constant from 6  ° to 15  °. 
4.  The theoretical interpretation of this result is possible in terms of 
a catenary series 0 --~ A --* E  in which the passages 0 --~ A and A ~-~ E 
are controlled by two catalysts differing respectively in concentration 
in  different  individuals  and  perhaps  at  different  times  in  the  same 
individual,  but  depending  for  their  effective concentration  on  reac- 
tions  having  temperature  coefficients identical  with  those which  at 
each  temperature characterize  the biological process under consider- 
ation. 
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